This study compared the economic value of pediatric immunisation programmes for influenza to those for rotavirus (RV), meningococcal disease (MD), pneumococcal disease (PD), human papillomavirus (HPV), hepatitis B (Hep B), and varicella reported in recent (2000 onwards) cost-effectiveness (CE) studies identified in a systematic review of PubMed, health technology, and vaccination databases. The systematic review yielded 51 economic evaluation studies of pediatric immunisation -10 (20%) for influenza and 41 (80%) for the other selected diseases. The quality of the eligible articles was assessed using Drummond's checklist. Although inherent challenges and limitations exist when comparing economic evaluations of immunisation programmes, an overall comparison of the included studies demonstrated costeffectiveness/cost saving for influenza from a European-Union-Five (EU5) and United States (US) perspective; point estimates for cost/quality-adjusted life-years (QALY) from dominance (cost-saving with more effect) to 45,444 were reported. The economic value of influenza programmes was comparable to the other vaccines of interest, with cost/QALY in general considerably lower than RV, Hep B, MD and PD. Independent of the perspective and type of analysis, the economic impact of a pediatric influenza immunisation program was influenced by vaccine efficacy, immunisation coverage, costs, and most significantly by herd immunity. This review suggests that pediatric influenza immunisation may offer a cost effective strategy when compared with HPV and varicella and possibly more value compared with other childhood vaccines (RV, Hep B, MD and PD).
Introduction
Influenza infections pose a significant health concern and have been responsible for substantial mortality and morbidity worldwide. 1 In many countries, influenza immunisation strategies exist, targeting those at risk of significant complications or death from influenza infections; such groups are the primary target of immunisation programmes across all European countries. 2 However, the burden in the pediatric population is under-represented (even with increased awareness) in many childhood immunisation programmes, despite the fact that children are believed to be the major transmitters. 3 For example, in young children aged less than 2 years, hospitalisation rates for influenza-related events are similar to those observed for other vulnerable groups considered to be at a higher risk of influenza-related complications, including the elderly population. 4 Numerous studies have modeled the health, clinical, and economic implications of influenza prevention strategies including pediatric immunisation coverage. [5] [6] [7] [8] The broad consensus of these studies is that childhood immunisation is costeffective or cost-saving and should be prioritised. 7 Infants and young children are at a higher risk of influenza-related hospitalisations and complications. Decreasing influenza virus transmission among children attending day care centers and schools has been shown to reduce the burden of influenza, providing both direct and indirect protection in the wider community. 6, 9 The aim of this study was to compare the economic value of pediatric influenza immunisation programmes with other commonly implemented immunisation programmes, based on articles retrieved from the systematic review conducted here. To allow comparison with recent pediatric immunisation programmes in similar contexts, vaccines for rotavirus (RV), meningococcal disease (MD), pneumococcal disease (PD), human papillomavirus (HPV), hepatitis B (Hep B) and varicella have been considered in this study.
non-pediatric or alternative populations not of interest, reviews for models, framework and systematic reviews, or intervention comparisons excluding immunisation strategies of 'no immunisation' (alone) and studies conducted outside the US-or EU5-setting. In total, 51 full economic evaluations were included in the review. Of the 51 studies included, 16 (31%) were conducted in the US, 10 (20%) in the UK, and 7 (14%) in Italy; the remaining 18 studies (35%) were conducted in Germany, Spain or France or in more than a single country (including the UK). With the exception of one study on multiple diseases, 10 all included studies reported on single diseases. Influenza, 6, 9, [11] [12] [13] [14] [15] [16] [17] HPV [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] and RV [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] were covered in 10 studies each, constituting 59% of all included studies. Hep B [38] [39] [40] was covered in the lowest number of included studies (6%).
Overview of the economic evaluations
The studies included in the review largely described economic models of hypothetical patient cohorts, where literature values are used to populate model parameters -a few studies 11, 13, 14 applied clinical trial data to the model framework. The majority (43/51, 84%) of the studies provided outcomes for QALY ( Fig. 2a-2c ), LYG (life years gained) or LYS (life years saved) and consisted of cost-effectiveness analysis (CEA) (42/43, 98%) and cost-utility analysis (CUA) (1/43, 2%) studies. Many studies (23/32, 72%) reported QALY outcomes below the willingness to pay threshold (WTP) within each country setting. Lower cost per QALY outcomes were influenced by herd immunity (5/32, 16%) and high risk group stratification (4/32, 13%). The remaining studies (8/51, 16%) reported overall savings (CEA: 2/8, 25% and cost-benefit analysis [CBA]: 3/8, 38%) and the number of cases averted (CEA: 3/8, 38%); studies on influenza vaccines reported the number of events averted for hospitalisations, influenza-related-events or mortality. While many perspectives were considered, most studies took a societal (26/51, 51%) or healthcare perspective (24/51, 48%); some considered third party payer or insurer perspectives (common in Germany) and others considered more than one perspective. The economic analyses largely included both direct and indirect costs -some also mentioned the direct medical and nonmedical costs and have been reported, where relevant, in the data-extraction tables (Table 1 and Table 2) .
From the included studies, 10 (20%) investigated pediatric influenza immunisation programmes 6, 9, [11] [12] [13] [14] [15] [16] [17] (Table 2 ) and the remaining 41 (80%) studies investigated programmes for RV, [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [54] [55] [56] [57] and multiple indications 10 ( Table 2 ). The primary alternatives considered were immunisation and no-immunisation, which refers to either baseline standard of care or the absence of routine immunisation policies within the pediatric-population; 2 studies considered an additional alternative treatment for influenza 6 or a catch-up campaign for varicella. 57 The included studies followed cohorts of various ages for various time horizons using a range of cost-effectiveness measures. Studies on influenza immunisation considered pediatric populations primarily aged less than 5 years in 4 studies [11] [12] [13] 16 and a wider pediatric age range in 5 studies, 6, 9, 13, 15, 17 following these between 1 year and lifetime horizons. The primary effectiveness measures were cost per QALY, LYS and cases averted.
Studies on RV immunisation strategies [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] primarily followed birth cohorts for up to 5 years across 29, 30, [35] [36] [37] various perspectives including statutory health insurance (SHI) 35, 37 and regional health service (RHS). 31 Cost per QALY and cases averted were the most common effectiveness measures Studies on HPV vaccines followed mainly cohorts of children aged 12 years and above over a lifetime horizon. [18] [19] [20] [22] [23] [24] [25] 27 Common effectiveness measures were cost per QALY and LYG.
Studies on Hep B and varicella vaccines followed cohorts of infants and adolescent age groups for up to 30 years and lifetime durations. [38] [39] [40] [54] [55] [56] From the small number of studies, cost per QALY, cases averted, LYG, and benefit-cost ratio (BCR) were used to determine the cost-effectiveness outcomes. 66 .
Ã
No immunisation refers to either baseline standard of care or the absence of routine immunisation policies within the pediatric-population.
ÃÃ Dominated: More costly and less effective than comparator. 66 .
ÃÃ
The study adopts a societal perspective and includes all direct medical costs and benefits regardless of who incurred the costs or received the benefits.
The study on multiple indications considered vaccination for PD and RV in birth cohorts followed over a lifetime horizon with effectiveness measures of BCR and cases averted was used to determine the health benefit. 10 Assessment of the included studies with Drummond's checklist ( Table 3 ) 58 showed that in all studies, the research question was stated (item 1), relevant alternatives were compared (item 30), the study question was given (item 33) and conclusions followed from the data reported (item 34). All but 6 studies reported the primary outcomes (item 11); the majority of studies stated the alternatives described (item 5), the form of economic evaluation used (item 6), methods for estimation of quantities and unit costs (item 17) and currency and price data (item 18). The productivity changes (item 14) were not relevant to 40 studies, as the focus was the pediatric population. Some studies did consider the impact of vaccine programmes on parents and work loss days from caring for children -this was common in the RV studies which considered children under the age of 5 years. 32 30 did not mention some of the main features of interest including the inflation rates, effectiveness measure and type of sensitivity analysis used.
Comparison of economic evaluations in the included studies

Pediatric influenza
Compared with no immunisation, the implementation of influenza immunisation in the pediatric-population offers an overall cost-effective strategy in each of the EU 17 measured the indirect protection of the rest of the population via herd immunity by considering both pediatric and older population groups. Extending the immunisation either to a select or full pediatric population will benefit individuals within the targeted age group and also provide wider protection in other non-targeted age groups who may come into contact with the pediatric population. 12, 14, 16 Other diseases relative to influenza The included studies on pediatric immunisation programmes for the other selected diseases reported a wide range of cost- The answer to the study question is given 51 (100%) 0 (0%) 0 (0%) 0 (0%) 34 Conclusions follow from the data reported 51 (100%) 0 (0%) 0 (0%) 0 (0%) 35 Conclusions are accompanied by the appropriate caveats 38 (75%) 8 (16%) 5 (10%) 0 (0%)
The relative percentages may not equate to 100% due to rounding errors effectiveness, with cost per QALY mostly higher compared to that of influenza (Fig. 2a-2c ). For RV, the cost per QALY was in general substantially higher ( 39 however, the limited number of studies in the pediatric population included in this review may not be truly reflective of the extent to which vaccines may prevent disease burden, particularly for varicella and Hep B vaccines, as the small number of studies provide inaccurate estimates of impact.
Due to the paucity of data and variability across the indications, comparisons of other outcome measures, such as LYG and cases averted (hospitalisations or mortality events) are not conclusive enough to be presented here but are summarised in Table 1 and Table 2 .
Discussion
Overview
In 2005 the World Health Organization (WHO) published guidelines on policy issues to help decision makers consider the broader implications of adding a vaccine to a national immunisation program. In addition to economic and financial questions, other aspects such as the public health priority of particular vaccines, the disease burden, public health surveillance and comparisons with other interventions should be taken into consideration. 59 Subsequently, in 2008, the WHO published specific advice for standardising economic evaluations of vaccination programmes for current and emerging diseases (including pandemic influenza) to meet decision-makers' needs for relevant, reliable and consistent economic information in this area. 60 This is because compared to most drugs assessed by health economic analyses, vaccines have characteristics that require special considerations when evaluating their cost effectiveness. These characteristics are related to herd immunity, quality-of-life losses in young children, parental care and associated work loss, time preference, uncertainty, eradication, macroeconomics and tiered pricing. 61 Specific to infant influenza, complicating factors that contribute to uncertainty are seasonal variations in incidence, severity of disease and vaccine efficacy. 62 Against this background, this review compared the economic value of pediatric influenza immunisation and a selection of existing pediatric immunisation programmes within similar contexts. For influenza, all studies demonstrated that pediatric immunisation offers a valuable health intervention demonstrating, in most cases, a cost-effective or cost-saving potential across societal, payer, National Health Service (NHS), and provider perspectives with incremental cost-effective ratios (ICER) below the respective thresholds in the US and EU5 (cost per QALY up to 19,366 reported) -consistent with the literature within this area. 2, [5] [6] [7] [8] The derived ICER for pediatric influenza immunisation suggests that it fits well within the overall cost range of recent pediatric immunisation programmes already in place, particularly to HPV and varicella and across the other indications (MD, PD, RV, Hep B) considered here. The cost-effectiveness ratios derived from the included studies on the other diseases of interest (MD, PD, HPV, Hep B, varicella, and RV) demonstrated an overall cost per QALY range between cost-saving up to 271,750 39 across all indications. For HPV, the modeled vaccines targeted those aged 12 years or older over a lifetime horizon, in most cases; similarly for varicella the average age ranges from those aged 1-2 and 11 years old, also modeled over a lifetime-horizon (in most cases) although cost-effectiveness outcomes varied considerably. The difference in age groups considered in these studies may provide further challenges when comparing cost-effectiveness across studies. Chesson et al. (2008) 22 modeled the impact of an HPV immunisation program, given in addition to current cervical screening, in the US and concluded that it was a cost-effective strategy, with an ICER of 10,693 when herd immunity was ignored and an ICER of 2,837 when herd immunity was included. Jit et al. (2011) 27 used a model to compare bivalent and quadrivalent HPV immunisations versus no immunisation in the UK and concluded that both vaccines were cost effective when protection against anal, penile, and oropharyngeal cancers was assumed. For the licensed endpoints including the incidence of cervical cancers bivalent HPV immunisation exceeds the UK's 30,000 WTP threshold. It is 48,725 per QALY. Coudeville et al.(2005) 56 found that routine childhood varicella immunisation represents a cost saving health intervention in both France and Germany. Similarly, Lenne et al.(2006) 55 concluded that routine varicella immunisation in Spain is cost saving from the societal perspective and highly cost-effective from the healthcare perspective.
Besides demonstrating cost effectiveness compared to other vaccinations, the included studies on pediatric influenza vaccinations also demonstrate the importance and impact on the cost-effectiveness outcomes with herd immunity. Analyses modeling the direct effects of pediatric vaccines (immunising children aged less than 5 years old) 11, 13, 16 or both pediatric and adult vaccines 6, 9, 17 on the wider population demonstrated a lower cost-effectiveness ratio associated with herd immunity.
While the quality of the analyses across the included studies was fairly robust the differences between age groups and characteristics of each disease may limit the comparability of costeffectiveness within and across indications. Indeed the reported cost-effectiveness values fall within a wide range, which may be explained by factors such as vaccine efficiency but also by choice of study design, including (1) difference in time horizon, (2) inclusion of herd immunity, (3) coverage, (4) pediatric population age groups, for example variations in the patient cohort (e.g. <5 years and 5-19 years), and (5) perspectives, which are presented as part of the scenario/sensitivity analyses.
Furthermore, the lack of a single outcome measure to quantify the impact of pediatric immunisation may lead to inconsistencies when comparing overall results and benefits (Table 1) . The outcome measures chosen by the included studies consist of (1) cases averted, (2) overall net saving or BCR (value >1 implies incremental benefits exceed incremental costs), (3) cost per QALY, (4) cost per LYG, and (5) cost per LYS. The noninclusion of certain costs may also result in different estimates of cost-effectiveness; particularly with pediatric diseases the impact on parents/guardians is not considered in many studies included in this review. This may understate the overall costeffectiveness outcome, potentially underestimating the true impact of these diseases and the associated benefit of routine childhood immunisation.
Limitations
The approach used to conduct this review has several limitations. The search was conducted on selected databases. Conference proceedings and other sources, such as bibliographies from included studies, were excluded in the preparation of this review. Studies selected were based on availability of full texts and those exclusive to, or inclusive of the pediatric population. The selection process excluded subgroups, such as children with asthma, where the impact of immunisation programmes could highlight an even greater economic benefit, particularly so in the case of influenza. Studies were only selected for inclusion if they were conducted after 2000, were limited to EU5 and US settings and involved comparisons between immunisation and no immunisation(s). Existing systematic reviews for each indication or combined indications were also excluded from the review. Such reviews could have potentially provided a wider scope of studies conducted in this area and highlighted those studies not identified from the literature search per se. Many existing reviews in these indications have not been limited to geographical locations although the results presented here can be compared/found in existing reviews. 2, 42, 55, 63, 64 One of the key issues in this review was the economic measure used to determine the cost-effectiveness of immunisation across the studies and indications. Although most studies provided an economic value (before final negotiated price by the national governments) predominantly expressed as an ICER (cost/ QALY), where QALY is a well-accepted generic measure of mortality and morbidity across different indications, the lack of other standardised measures compromises comparability across studies. If studies had been limited to those providing ICER values only, the number of studies included in the review would have been limited further. The approach carried out here was consistent with existing systematic reviews where all effectiveness measures were considered. 63, 64 Comparability across the studies was further compromised by differences in age groups, time horizons, and perspectives.
Implications for new research
Future considerations, particularly for influenza immunisation studies, should try to capture the full population to allow comparisons within and across different age groups and incorporate the impact of herd immunity to illustrate the wider protection to society.
When comparing economic measures in the same or across different indications, the context of each cost-per-QALYs should be recognized to allow a reasonable comparison of one indication vs. another, for example influenza and HPV. Results should be interpreted with caution and some authorities will require supporting/further evidence of the benefits of routine immunisations beyond the comparison of cost-per-QALYs. 64 Keeping in mind that economic evaluations offer useful tools to inform decisions and price discussions of implementing pediatric immunisation programmes, future studies should also report, or at least acknowledge, the available funding and policy implications for routine immunisation programmes, to help assess the discrepancies in each country setting and the costeffectiveness outcomes considered.
Conclusion
The findings of this review suggest that pediatric influenza immunisation could provide a valuable health intervention with cost-effective potential from both healthcare and societal perspectives when compared with no immunisation or existing policies. Influenza immunisation programmes were located within the lower range of overall ICER values across immunisation programmes of the selected indications; although various age groups were considered within the same and across indications (e.g., <5 and 5-19 years). For influenza, extending immunisation to the full pediatric population (major transmitters) was generally the most cost-effective strategy. 9, 65 Although, it could be argued that the most efficient way to implement pediatric influenza immunisation programmes would be from programmes that offer cost-saving potential; possibly achieved with increased vaccination coverage to allow optimal herd immunity. Many factors remain unclear or confounding, such as the level of vaccination coverage needed and differences in existing country policies and in this respect further research is required.
Methods
This review is reported in accordance with the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) recommendations, 66 and compares economic evaluations of the vaccines of interest according to their licensed indications and contraindications as defined in each study. The search strategy grouped keywords into categories for disease, economic outcomes, model type, and programmes. Search terms for the disease category were "influenza a virus; influenza b virus," "pneumococcus; pneumococcal," "meningitis," "varicella zoster virus; chicken pox," "hepatitis B," "human papillomavirus vaccines" and "rotavirus;" for the economic outcomes category "cost-effectiveness," "cost utility," "cost benefit" and "economic evaluation;" for the model type category "economic models," "decision tree," "economic decision models," "Markov," "transmission model" and "SEIR;" and for the programmes category "immunisation," "vaccine" and "vaccination." Combined searches in PubMed were performed for "disease AND (economic outcomes OR model types) AND programmes." Searches conducted in the other databases combined "disease AND economic outcomes."
Inclusions
Studies were included in the review if they considered human subjects, were published in English language between 1st January 2000 to 16th December 2014 and had abstracts available. Studies were included according to the target group, comparisons, type of economic evaluation, and country perspectives. The target group is defined as the pediatric population (either the overall pediatric population aged less than 18 years, smaller age ranges such as 5-9 year olds, or pediatric groups consisting of both pediatric as well as adult population -an example being 5-9 and 18-65 year olds) without specific conditions, such as asthma, or other co-existing illnesses. Comparisons with no-intervention or current vaccination policy were included. Complete economic evaluation of CEA, CBA and CUA assessing both the benefits and costs of influenza, RV, MD, HPV, Hep B, PD and varicella, either independently or across multiple diseases, were included. Studies reporting on the UK, France, Germany, Italy and Spain (collectively known as the European Union Five, or EU5), and the US were included.
Full-text articles were retrieved and assessed to determine the final inclusion of studies. Articles were excluded: (1) if they reported systematic reviews on the economic evaluation across the 7 diseases either independently or combined; (2) if full-text articles were unavailable; (3) if studies were conducted outside the EU5 and US; and (4) if studies were exclusively based on the non-pediatric population. Additionally, studies that reported the impact of the disease in terms of epidemiology or clinical trial data were also excluded.
All included papers assess the impact of vaccination on standard vaccination schedules, which for pediatric influenza immunization is an annual event. While mismatches between vaccine strains and circulating strains may occur and have an impact on vaccine effectiveness, mismatch averages out over the duration of the modeling time horizon for the health economic outcomes of adding pediatric immunisation programmes into current practice. In addition, the effectiveness results are usually not statistically significant due to the low numbers for individual vaccine and age groups in influenza.
Data extraction
Eligible articles were independently screened by 2 researchers (NB and BS) on the basis of titles and abstracts retrieved by the search from the electronic databases (Fig. 1) , alternative extraction methods of screening reference list from relevant studies or hand searching key journals and conference proceedings were not adopted in this review. In the case of disagreement a third reviewer was consulted (SR) for discussions on population(s), setting, immunisation programmes and type of studies included. Data on economic evaluations was extracted at the full text stage by 2 researchers (NB and BS) and entered into an extraction table comparing cost-effectiveness outcomes according to the type of analysis, immunisation strategies, country, perspective, vaccination coverage, time horizon, effectiveness measure, cost measure, sensitivity analysis and outcome measures. All monetary outcomes were converted based on currency conversions taken from the XE website and inflated accordingly to 2014 GBP using the European Central Bank (ECB) and Medical Expenditure Panel Survey (MEPS) databases. [67] [68] [69] Willingness to pay thresholds WTP were used to assess and compare cost-effectiveness of pediatric immunisation programmes within each country setting and across the vaccines considered. The WTP for the UK was 30,000. 70 The assumed WTP for all other European countries, 26 
67-69
Quality assessment
The quality of each included study was assessed independently by 2 researchers (NB and BS) using Drummond's checklist. 58 Discrepancies were resolved by discussion and consensus with a third investigator if needed (EG) for clarity on choice of economic evaluation, parameter description and subjects considered in the studies. Table 3 presents the overall results for each item on Drummond's list categorised by study design (items 1-7), data collection and analysis (items [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] , and interpretation of results (items [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] . Responses to the items in the list were completely satisfied (yes), not satisfied (no), unclear or notapplicable (inappropriate).
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